Our understanding of muscle glycosylation to date has derived from studies in mouse models and a limited number of human lectin histochemistry studies. As various therapeutic approaches aimed at treating patients with muscular dystrophies are being translated from rodent models to human, it is critical to better understand human muscle glycosylation and relevant disease-specific differences between healthy and dystrophic muscle. Here, we report the first quantitative characterization of human muscle glycosylation, and identify differentiation-and disease-specific differences in human muscle glycosylation. Utilizing a panel of 13 lectins with varying glycan specificities, we surveyed lectin binding to primary and immortalized myoblasts and myotubes from healthy and dystrophic sources. Following differentiation of primary and immortalized healthy human muscle cells, we observed increased binding of Narcissus pseudonarcissus agglutinin (NPA), PNA, MAA-II and WFA to myotubes compared to myoblasts. Following differentiation of immortalized healthy and dystrophic human muscle cells, we observed disease-specific differences in binding of NPA, Jac and Tricosanthes japonica agglutinin-I (TJA-I) to differentiated myotubes. We also observed differentiation-and disease-specific differences in binding of NPA, Jac, PNA, TJA-I and WFA to glycoprotein receptors in muscle cells. Additionally, Jac, PNA and WFA precipitated functionally glycosylated α-DG, that bound laminin, while NPA and TJA-I did not. Lectin histochemistry of healthy and dystrophic human muscle sections identified disease-specific differences in binding of O-glycan and sialic acid-specific lectins between healthy and dystrophic muscle. These results indicate that specific and discrete changes in glycosylation occur following differentiation, and identify specific lectins as potential biomarkers sensitive to changes in healthy human muscle glycosylation.
Introduction
Myofiber attachment to the extracellular matrix (ECM) is necessary for proper muscle function. The basement membrane plays a critical role in the transfer of contractile forces by facilitating force transmission both longitudinally and laterally. Loss of connection between myofibers and the ECM causes a drop in both the absolute and specific force generated by a muscle (Holmberg and Durbeej 2013) . The major adhesion complexes present at the muscle cell surface, or sarcolemma, are the dystrophin-glycoprotein complex (DGC), the homologous utrophin-glycoprotein complex (UGC) expressed at the neuromuscular and myotendinous junctions (NMJ/MTJ), and the α7β1 integrin heterodimer (Marshall et al. 2013 ). All three complexes independently bind laminins in the ECM and intracellular actin cytoskeleton to provide myofiber-ECM attachment (Marshall et al. 2013) . Loss of various components of each adhesion complex cause various muscular dystrophies. For example, loss of dystrophin expression in Duchenne Muscular Dystrophy (DMD) prevents the entire DGC from being present at the sarcolemma (K. P. Campbell and Kahl 1989; Ibraghimov-Beskrovnaya et al. 1992; Ervasti and Campbell 1993) . Similarly, loss of any of the sarcoglycans (SGs) from the DGC causes various limb-girdle muscular dystrophies (LGMDs) (Mizuno et al. 1994; Roberds et al. 1994; Bönnemann et al. 1995; Noguchi et al. 1995) and loss of α7-integrin is known to cause a congenital myopathy (Mayer et al. 1997; Hayashi et al. 1998) .
In addition to the presence of adhesion complexes at the sarcolemma, proper glycosylation of component glycoproteins in the complexes is necessary for myofiber-ECM binding. Improper glycosylation of alpha-dystroglycan (α-DG) in the DGC results in loss of laminin binding. Specifically, addition of the glucuronic acid-xylose disaccharide repeat known as matriglycan is requisite for laminin binding as are the underlying glycan structures to which matriglycan is added (Yoshida-Moriguchi et al. 2010; Hara et al. 2011; Inamori et al. 2012; Briggs et al. 2016) . To date, mutations in 24 genes necessary for α-DG glycosylation have been identified. Mutations in these 24 genes cause loss-of-function, disrupt α-DG glycosylation, and contribute to a wide spectrum of congenital α-DG disorders known as dystroglycanopathies (Yoshida-Moriguchi and Campbell 2015) .
Various therapeutic approaches for muscular dystrophies are being explored, including restoring dystrophin expression (e.g., exon skipping or gene editing), modulating immune responses, potential stem cell therapies and different strategies to upregulate utrophin, to compensate for the loss of dystrophin (Guiraud et al. 2015; Mendell et al. 2016; Ricotti et al. 2016; Young et al. 2016; Campbell et al. 2017; Lim et al. 2017; Reinig et al. 2017) . One method for upregulating utrophin utilization currently being studied focuses on manipulating the glycosylation status of α-DG. In rodent muscle, differential glycosylation of α-DG correlates with cellular localization and protein complex association. For example, α-DG expressed ubiquitously throughout the sarcolemma binds the sialic acid and GlcNAc-specific lectin wheat germ agglutinin (WGA) (K. P. Campbell and Kahl 1989; Nguyen et al. 2002; Marshall et al. 2012) . In contrast, α-DG associated with the UGC is restricted to the NMJ and MTJ in rodent muscle and binds the GalNAc-specific lectin Wisteria floribunda agglutinin (WFA) (Nguyen et al. 2002; Xia et al. 2002; Marshall et al. 2012) . Thus, various groups have sought to increase utrophin utilization, to increase UCG-mediated adhesion at the sarcolemma in the absence of dystrophin, by manipulating this differential glycosylation of α-DG.
Current approaches to alter α-DG glycosylation in order to increase utrophin utilization still face challenges. Overexpression of the GalNAc-transferase B4Galnt2 increases WFA binding to α-DG and reduces the dystrophic pathology in several dystrophic mouse models by increasing abundance of laminin and various UGC components (Nguyen et al. 2002; Xu et al. 2007b Xu et al. , 2009 Thomas et al. 2016) . However, the exact mechanism by which B4Galnt2 overexpression reduces muscular dystrophy pathology in mice remains poorly defined. Additionally, potential off-target sites of GalNAc addition resulting from B4Galnt2 overexpression have yet to be determined. Our group previously identified lobeline, a small molecule antagonist of the acetylcholine receptor (AChR), in a high throughput screen for molecules which upregulate WFA binding to murine muscle cells (Cabrera et al. 2012) . While lobeline increased WFA binding to both healthy and dystrophic primary murine muscle cells, we observed no increase in WFA binding following treatment of either healthy or dystrophic human inducible, directly reprogrammable myotubes (iDRMs) generated from control and dystrophic fibroblasts (Cabrera et al. 2012) .
In 1982, Sanes et al. first demonstrated that the lectin Dolichos biflorus agglutinin (DBA) selectively and specifically binds the NMJ and not the extra-synaptic sarcolemma of rodent muscle (Sanes and Cheney 1982) . In a follow-up study, additional GalNAc-specific lectins (VVA, SBA, HPA) were shown to bind the rodent NMJ specifically while lectins with other glycan specificities (e.g., ConA, WGA, RCA, PHA-L) bound the sarcolemma indiscriminately, demonstrating that the rodent NMJ is uniquely modified with terminal GalNAc structures (Scott et al. 1988 ). However, while VVA binding to rodent muscle is highly specific for the NMJ, VVA binding to human muscle is not NMJ-specific (Scott et al. 1988) , indicating that terminal GalNAc residues may not be restricted to the NMJ in human muscle as observed in rodent muscle. Furthermore, GalNAc-specific lectins such as WFA may be poor biomarkers for disease-specific differences or for the UGC in human skeletal muscle. Beyond our current understanding of the process by which matriglycan is added to α-DG, human muscle glycosylation remains poorly characterized. Additionally, diseasespecific differences in human muscle glycosylation have not been evaluated beyond a small collection of immunohistochemistry studies in the 1980s, and to date no glycan structure, present on α-DG or any other glycoprotein, which correlates with the UGC has been identified in human muscle. In the present study, we have characterized the glycophenotype of human skeletal muscle cells (HSMCs) during differentiation, and identified differences between healthy and dystrophic muscle. These findings reinforce and extend prior observations regarding differences between rodent and human muscle cell glycosylation and may identify glycan structures that will be useful biomarkers to evaluate novel therapies for muscular dystrophies.
Results
To quantify changes in glycosylation following differentiation of human myoblasts into fused, multinucleated myotubes, we performed lectin-binding assays on fixed primary and immortalized, male, healthy, HSMCs (Supplementary data, Table 1 ) utilizing a panel of 13 lectins with a wide variety of specificities (Table I ) (McMorran et al. 2016) . To quantify changes in N-glycosylation, Concanavalin A (ConA) and Narcissus pseudonarcissus agglutinin (NPA) were included for oligomannose specificity, while Phaseolus vulgaris leucoagglutinin (PHA-L) was included for complex N-glycan specificity (Cummings and Kornfeld 1982; Kaku et al. 1990; Mega et al. 1992) . Four lectins specific for various O-glycan structures were included: Peanut agglutinin (PNA), Jacalin (Jac), Amaranthus caudatus agglutinin (ACA) and Ricinus communis agglutinin-I (RCA-120) (Drysdale et al. 1968; Lotan et al. 1975; Rinderle et al. 1989; Wu et al. 2003) . Four sialic acid binding lectins were also included: Sambucus nigra agglutinin (SNA), Tricosanthes japonica agglutinin-I (TJA-I), Maackia amurensis agglutinin-II (MAA-II) and WGA (Greenaway and LeVine 1973; Shibuya et al. 1987; Yamashita et al. 1992; Konami et al. 1994) . WFA and DBA both bind glycans terminated with GalNAc residues (Uchida et al. 1978; Etzler et al. 1981 ) and were included due to use of the lectins historically in identifying the rodent neuromuscular junction (Sanes and Cheney 1982; Scott et al. 1988; Nguyen et al. 2002; Marshall et al. 2012 ).
While reactivity of healthy human myoblasts with the various lectins at day 0 (d0) varied considerably, lectin binding to the immortalized human myoblasts generally recapitulated binding patterns seen in the four primary muscle cells. Following five days of differentiation (d5), distinct increases in binding of three lectins (PNA, MAA-II, WFA) were observed across all cell sources while no change was observed in the binding of PHA-L and DBA (Figure 1 ). In addition, NPA binding increased in three of the four primary cell lines. This indicates that the increases observed in binding of some lectins was not the result of a global increase in glycosylation following differentiation, but rather, changes in discrete and specific types of glycosylation. For example, focusing on lectins that recognize N-glycans, ConA and NPA binding increased following differentiation, while no change in binding of PHA-L was observed, underlying the specificity of these changes. Following differentiation we observed increased binding of lectins that recognize various O-glycans (PNA, Jac, ACA and RCA-120). Specifically, binding of PNA, ACA and RCA-120 to some degree across all four primary cell lines while binding of Jac was more variable. Similarly, differentiated healthy myotubes bound substantially more sialic acid-specific lectins (MAA-II, SNA and TJA-I) following differentiation. Interestingly, no significant reactivity of any cell line at either d0 or d5 with DBA was observed. In total, these results demonstrate that discrete and specific changes in muscle cell glycosylation occur following differentiation and that immortalized human myoblasts recapitulate changes observed in primary human muscle cells.
To identify disease-specific differences in human myoblast glycosylation, we performed lectin-binding assays on the immortalized healthy myoblasts and compared this with two immortalized dystrophic lines (Supplementary data, Table 1 ). We compared binding of the 13 lectin panel at d0 and d5 across the three cell lines and found disease-specific changes in binding of four lectins following differentiation: NPA, Jac, TJA-I and WFA ( Figure 2 ). Binding of NPA, specific for high mannose N-glycans, to healthy cells increased substantially following differentiation while almost no change was observed in NPA binding to dystrophic cells. These changes did not result from a general increase in total N-glycosylation, as no difference was observed in binding of the complex N-glycan-specific lectin PHA-L to dystrophic myotubes compared to healthy controls. Similarly, binding of Jac to healthy muscle cells increased following differentiation while binding to dystrophic myotubes either decreased or showed no change. Again this was a specific difference, as other lectins which recognize O-glycan structures (PNA, ACA and RCA-120) showed increases following differentiation independent of disease-state. TJA-I binding also changed in a disease-specific manner; TJA binding to healthy muscle cells increased while dystrophic cells showed a reduction in binding following differentiation. Binding of WFA to healthy muscle cells increased following differentiation, while minimal or no change was observed in binding to dystrophic myotubes. No cell lines surveyed bound DBA regardless of differentiation-or disease-status.
The results demonstrated that distinct, disease-specific changes in glycosylation occur following in vitro human myoblast differentiation and that NPA, Jac and TJA-I may represent potential lectin biomarkers sensitive to changes in healthy human muscle glycosylation. Moreover, as we have previously demonstrated, specific lectin binding to different cells reveals more than just nominal sugar specificity (McMorran et al. 2016) ; for example, while binding of NPA and ConA increased following differentiation, the magnitude of the change was not identical. SNA and TJA-I both nominally recognize α2,6-linked sialic acid, however, we observed differences in the degree of binding of these two lectins. Similarly, WFA and DBA nominally bind GalNAc but our previous work demonstrated that binding of these lectins to murine muscle cells differed substantially (McMorran et al. 2016) .
To determine if the lectins recognized distinct glycoprotein receptors, we next performed lectin precipitations from lysates of d0 confluent myoblasts and d5 differentiated myotubes. As shown in Figure 3A , NPA, Jac, TJA-I and WFA all precipitated a variety of glycoproteins. Differentiation-specific differences in the glycoproteins precipitated from healthy cells were observed across all four lectins ( Figure 3A , arrowheads); most notably, WFA precipitated significantly more glycoproteins from healthy muscle cells at d5 compared to the few bands observed at d0. As reactivity of α-DG with various lectins has been utilized to distinguish between DGC-and UGCassociated α-DG in rodent muscle (K. P. Campbell and Kahl 1989; Nguyen et al. 2002; Marshall et al. 2012) , we asked if any lectins were able to precipitate α-DG, detected by the monoclonal antibody IIH6, and if the α-DG was capable of binding laminin. Jac, PNA and WFA all precipitated α-DG at d0 and d5 while TJA-I and NPA did not ( Figure 3B , data not shown). Of note, these three lectins all precipitated more α-DG at d5 compared to d0, detected by IIH6. We next asked if α-DG precipitated by each of the lectins was functionally O-mannosylated and could bind laminin. Interestingly, laminin was not bound by α-DG precipitated by any of the lectins at d0 regardless of disease-status. Furthermore, α-DG precipitated from healthy myotubes by Jac, PNA and WFA bound substantially more laminin compared to α-DG precipitated from dystrophic myotubes, indicating a greater extent of functional O-mannosylation in healthy mature myotubes. (Figure 3B , right panels).
As we noted disease-specific differences in binding of NPA, TJA-I and Jac to differentiated myotubes in vitro, we asked which of the lectins bound to innervated human skeletal muscle in a diseasespecific manner. We obtained de-identified, anonymized skeletal muscle biopsies from control and DMD patients through the UCLA Translational Pathology Core Laboratory. Biotinylated lectins were added to sections of paraffin-embedded, formalin-fixed healthy and dystrophic human skeletal muscle, and bound lectins were detected with Texas Red conjugated streptavidin and imaged. In healthy muscle, we observed differential binding of the three lectins with Oglycan specificities; Jac bound healthy muscle ubiquitously throughout the sarcolemma, while ACA bound in a very punctate fashion and PNA did not bind regardless of lectin concentration (Figure 4 , Etzler et al. (1981) data not shown). Interestingly, we observed increased binding of all three lectins to dystrophic muscle from DMD patients compared to healthy controls. Most surprisingly, we observed abundant and ubiquitous binding of PNA to the sarcolemma of muscle from a DMD patient, compared to healthy control muscle where we detected no PNA binding. Of the three sialic acid-specific lectins assayed, WGA bound the healthy sarcolemma ubiquitously while MAA-II staining was punctate and TJA-I staining was negative.
Binding of all three lectins to dystrophic muscle sections was increased compared to healthy controls, with the most striking increase in binding of TJA-I. Binding of NPA, WFA and DBA to section of fixed muscle were negative regardless of disease-status, although we did detect NPA and WFA, but not DBA, binding to dystrophic muscle that was frozen prior to sectioning, rather than formalin-fixed (Supplementary data Figure 1 ). In total, these results indicate disease-specific differences of distinct glycan types, primarily O-glycans detected by PNA and sialic acids detected by TJA-I, in healthy vs. dystrophic human skeletal muscle.
Discussion
While significant progress in the past decade has elucidated the specific glycan structures on α-DG bound by laminin, our understanding of muscle glycosylation outside of α-DG matriglycan remains limited, and has focused on rodent muscle (Nguyen et al. 2002; Gundry et al. 2009; Yoshida-Moriguchi and Campbell 2015; Go et al. 2017) . As previous studies of human skeletal muscle have been limited to qualitative lectin histochemistry (Dunn et al. 1982; Capaldi et al. 1984b Capaldi et al. , 1984a Capaldi et al. , 1985b Capaldi et al. , 1985a Voit et al. 1988) , we sought to perform the first quantitative characterization of human skeletal muscle glycosylation utilizing primary and immortalized cells from healthy and dystrophic patients. Utilizing a panel of 13 lectins, we identified differentiation-and disease-specific changes in muscle cell glycosylation in these primary cell lines. Following differentiation of both primary and immortalized myotubes, binding of NPA, PNA, MAA-II and WFA increased (Figure 1 ). Given the specificities of these lectins, glycoproteins at the healthy myotube surface bear more high mannose N-glycans, asialo O-glycans and structures terminated with either α2,3-linked sialic acid or GalNAc residues, compared to undifferentiated myoblasts (Table II) . These lectins may represent appropriate lectin markers of differentiation and may correlate with temporally regulated expression of unique glycoprotein receptors, glycosyltransferases or availability of sugar donor substrates. In addition to differentiation-specific differences in lectin binding, we were also able to identify disease-specific differences in lectin reactivity. Binding of NPA, Jac and TJA-I to healthy myotubes increased after differentiation, while no change or a reduction in binding to dystrophic myotubes was observed. Healthy myotubes therefore express glycoproteins bearing abundant high mannose N-glycans as detected by NPA, sialylated O-glycans as detected by Jac and glycans terminated with α2,6-linked sialic acid as detected by TJA-I. In contrast, there was little difference in abundance of these glycans between dystrophic myoblasts and myotubes, with no change in NPA reactive high mannose N-glycans or sialylated Oglycans and fewer α2,6-linked sialic acid terminated glycans on differentiated dystrophic cells (Table II) . It is important to note that these are two clonal lines derived from two different patients and that additional cell sources must be analyzed to validate these findings across patients with DMD. What drives these disease-specific differences in lectin reactivity? The differentiated, multinucleated healthy myotubes we observed at d5 expressed dystrophin and the DGC, as detected by immunoblotting, while dystrophic myotubes did not, as expected (data not shown). If NPA, Jac and TJA-I recognize glycans present on glycoproteins composing the DGC, then dystrophic myotubes lacking dystrophin and the DGC would not present these glycans at the sarcolemma, resulting in the disease-specific differences in lectin reactivity we observe. Alternatively, NPA, Jac and TJA-I could bind other sarcolemmal glycoproteins impacted indirectly by the loss of the DGC. For example, loss of the DGC component protein sarcospan has been shown to impair glycosylation of α-DG with WFAreactive structures in mice . Therefore, loss of the DGC may alter intracellular signaling and drive a shift in glycosyltransferase expression affecting the glycan structures present on sarcolemmal glycoproteins, which would alter lectin reactivity.
Manipulating skeletal muscle glycosylation by altering glycosyltransferase expression is one potential therapeutic approach for DMD. In rodent muscle, the NMJ is highly enriched for glycans terminated with WFA-reactive GalNAc residues which correlate with localization of the UGC McMorran et al. 2016) . While both utrophin and WFA reactivity are restricted to the NMJ in healthy murine muscle, utrophin and WFA reactivity both spread ubiquitously throughout the sarcolemma of dystrophic mouse muscle McMorran et al. 2016) . Expression of the GalNAc-transferase B4Galnt2 was restricted to the NMJ of healthy mice and therefore proposed to modify UGCassociated α-DG, rationalizing the finding that B4Galnt2 overexpression rescues the dystrophic phenotype in a variety of muscular dystrophy mouse models (Nguyen et al. 2002; Xia et al. 2002; Xu et al. 2007b Xu et al. , 2009 Thomas et al. 2016) . While expression of B4Galnt2 has been observed in murine muscle , we did not observe expression in murine C2C12 myoblasts or myotubes previously (McMorran et al. 2016) , or in immortalized human muscle cells, regardless of differentiation-or disease-status (McMorran, Nairn, Moremen and Baum, unpublished data). Additionally, our current data demonstrate that an increase in WFA binding to dystrophic human muscle is not the sole disease-specific difference in glycosylation: NPA, PNA and TJA-I ubiquitously bound the sarcolemma of dystrophic human skeletal muscle with no detectable binding to healthy human skeletal muscle (Figure 4 , Supplementary data, Figure 1 ). The exact mechanism by which B4Galnt2 overexpression rescues the dystrophic phenotype in mice is not currently understood (Xu et al. 2007a; Yoon et al. 2009; Thomas et al. 2016 ). Furthermore, disease-specific differences in human muscle glycosylation remain poorly understood. Therefore, significant translational hurdles remain for development of B4Galnt2 overexpression as a potential DMD therapy. . Disease-specific differences in O-glycan and sialic acid-specific lectin binding to human skeletal muscle. Serial transverse 5 μm sections of anonymized, formalin-fixed, paraffin-embedded, healthy and dystrophic human skeletal muscle were rehydrated and stained with biotinylated lectins: Jac, ACA, PNA, WGA, TJA-I, MAA-II, NPA, WFA and DBA. Bound lectins were detected with Texas Red-Avidin D (red) and sections were counterstained with DAPI. "Other" lectin nominal specificities: NPA-high mannose N-glycans, WFA-GalNAc, DBA-GalNAc. Scale bar is 100 μm. This figure is available in black and white in print and in color at Glycobiology online.
The four lectins we assayed precipitated distinct sets of glycoproteins from healthy and dystrophic human myotubes ( Figure 3 , Table II ). However, not all lectins bound α-DG and not all α-DG that was precipitated by these lectins was sufficiently modified with matriglycan to bind laminin. Our prior work demonstrated that inhibition of complex N-glycan formation via treatment with a mannosidase inhibitor reduced laminin binding to endogenous α-DG, without a concomitant reduction in IIH6 reactivity (Cabrera et al. 2012) , although both IIH6 and laminin binding are dependent on the activity of LARGE (Inamori et al. 2012) . Our results extend the observation that IIH6 and laminin binding are not exactly equivalent, as Jac, PNA and WFA all precipitated α-DG from d0 myoblasts that bound IIH6 but did not bind laminin ( Figure 3B ). It is also clear that there is altered glycosylation of cell surface glycoproteins other than α-DG on myotubes compared to myoblasts; while NPA and TJA-I binding increased following muscle cell differentiation in a disease-specific manner (Figure 2) , neither lectin precipitated α-DG detected by IIH6 or laminin binding (Figure 3) . Iwata et al. found an approximately 5-fold increase in binding of PNA to dystrophic muscle across multiple muscular dystrophy rodent models including J2N-k hamsters (δ-sarcoglycan −/− model of
LGMD2F), mdx mice (DMD) and Dy/dy mice (Lama2 −/− model of merosin-deficient muscular dystrophy). In this study, the authors observed increased binding of PNA to muscle sections from a single patient with Becker muscular dystrophy and a single patient with limb-girdle muscular dystrophy, compared to healthy human skeletal muscle controls (Iwata et al. 2013) . We also saw a robust increase in PNA binding to skeletal muscle from DMD patients, compared to healthy controls which did not bind PNA (Figure 4) . Iwata et al. reported very little change in ACA binding to dystrophic tissue, while we observed an increase in ACA binding to multiple dystrophic tissue samples compared to healthy controls. As Iwata et al. observed an increase in PNA binding with relatively no change in binding of ACA, they concluded that cell surface content of sialic acid is generally reduced in dystrophic muscle, regardless of genotypic or phenotypic differences in dystrophic diseases. However, we observed no such reduction in sialic acid content on muscle derived from patients with DMD as detected by lectin binding; in contrast, binding of three sialic acid-specific lectins (WGA, TJA-I and MAA-II) was increased substantially for dystrophic muscle compared to healthy controls (Figure 4) . Collectively, lectin reactivity of healthy and dystrophic tissue samples also underscore species-specific differences in glycosylation of innervated muscle. Increased binding of WFA and PNA represent the only two disease-specific differences in lectin binding to dystrophic mouse tissue Iwata et al. 2013) . We observed increased WFA staining of frozen but not formalin fixed paraffin embedded dystrophic human tissue. Increased binding of Jac and lectins specific for sialic acid (WGA, TJA-I and MAA-II) represent novel disease-specific differences in innervated muscle glycosylation not previously reported in human or mouse muscle.
Here we report differentiation-specific differences in binding of lectins specific for high mannose N-glycans (NPA), O-glycans (PNA), sialic acid residues (MAA-II) and GalNAc terminated structures (WFA) (Figure 1) . Increases in binding of NPA and MAA-II following differentiation represent species-specific differences in glycosylation, as we previously found no increase in ConA (also specific for high mannose N-glycans) or MAA-II (or any other sialic acidspecific lectins) binding following differentiation of murine C2C12 cells (McMorran et al. 2016) . These species-specific differences highlight the need to use human muscle cell sources in vitro when studying glycosylation. C2C12 cells have long been the preferred in vitro model due to ease of use and lack of appropriate alternative cell sources, and their use has provided insight into murine integrin and glycolipid glycosylation (Gundry et al. 2009; Go et al. 2017 ). Our results demonstrate that immortalized human myotubes recapitulate changes observed in primary human myotubes and therefore provide an appropriate alternative for in vitro study of human muscle glycobiology. Moreover, identification of lectin biomarkers to identify and follow disease-specific differences in muscle glycosylation and to directly interrogate the glycan products on the cell surface may allow facile and cost-effective analysis of the effects of novel therapeutics on human muscle cells. As lectins bind glycan structures independent of glycoprotein backbone, unlike glycan-specific antibodies, lectins may be sensitive biomarkers for changes in glycosylation agnostic to expression of specific proteins.
Our current findings represent the first quantitative characterization of human muscle glycosylation, and highlight differentiationand disease-specific differences in lectin reactivity to HSMCs and tissue. Disease-specific differences in TJA-I binding were observed on in vitro myotube cultures as well as ex vivo tissue sections. Future research should focus on understanding the mechanisms driving this difference, as well as those observed in binding of O-glycan and sialic acid-specific lectins. Furthering our understanding of human muscle glycosylation specifically will allow for the selection of an appropriate lectin biomarker for the healthy human muscle "glycophenotype" which could aid in the discovery of novel therapeutics (Cabrera et al. 2012) , and provide a sensitive endpoint measure for other therapeutics currently under development for muscular dystrophy.
Materials and Methods

Cells
Immortalized healthy human myoblasts LHCN-M2 (Zhu et al. 2007 ) were a generous gift from Woodring Wright Lab (UT Southwestern, Dallas, TX) and immortalized dystrophic human myoblasts DMD 6311 and DMD 6594 (Mamchaoui et al. 2011) were a kind gift from Vincent Mouly Lab (UPMC Université Paris, Paris, FR). Four distinct lots of primary HSMCs were purchased and randomly numbered 1-4 (HSMC1-4) (PromoCell GmbH, Heidelberg, Germany). Immortalized and primary human muscle cells were grown in skeletal muscle cell growth medium (Promocell GmbH, Heidelburg, Germany) plus ciprofloxacin (10 μg/mL) on 0.1% porcine gelatin and passaged when approximately 60% confluent.
Reagents
The following biotinylated lectins and proteins were purchased (Vector Laboratories, Burlingame, CA): Concanavalin A (ConA), Narcissus psuedonarcissus agglutinin (NPA), PHA-L, peanut agglutinin (PNA), jacalin agglutinin (Jac), RCA-120, ACA, WGA, SNA, Maackia amurensis lectin II (MAA-II), WFA, DBA and bovine serum albumin (BSA). TJA-I was purchased (Medicago, Uppsala, Sweden) and biotinylated using EZ-Link™ Sulfo-NHS-Biotin kit (21335) (ThermoFisher Scientific, Waltham, MA) according to manufacturer's instruction and stored in 10 mM HEPES, 0.15 M NaCl, pH 7.5, 0.1 mM Ca 2+ at −20°C. 
Lectin binding assays
Lectin binding assays were performed in 96-well plates as described previously with the following modification (McMorran et al. 2016) . Of note, 5 × 10 3 healthy or dystrophic, immortalized or primary human myoblasts were plated per well coated with 0.1% porcine gelatin. Cells were grown until approximately 80-85% confluent and differentiated for 5 days. Cells were collected at the time of differentiation (D0) or 5 days following differentiation and fixed overnight at 4°C in 2% paraformaldehyde in phosphate-buffered saline (PBS). Non-specific binding to fixed cells was blocked by incubating in 1% BSA in PBS for 1 h at room temperature. Optimal lectin concentrations were determined for the LCHN-M2 cell line by performing dose-response curves for each lectin and determining the mid-point of the linear range for each (data not shown). Lectin specificities have been previously described (Table I) . Triplicate wells were then incubated in the following lectins overnight at 4°C: ConA (5 ng/mL), NPA (2.5 μg/mL), PHA-L (10 ng/mL), PNA (100 ng/mL), Jac (5 μg/mL), RCA-120 (10 ng/mL), ACA (50 ng/mL), WGA (5 ng/mL), SNA (2.5 μg/mL), TJA-I (2.5 μg/mL), MAA-II (100 ng/mL), WFA (250 ng/ml) and DBA (5 μg/mL). Control cells were incubated with equivalent concentrations of biotinylated BSA, as a negative control Following overnight incubation, cells were rinsed with 1% BSA/0.1% Tween-20/1× PBS solution and incubated with SA-HRP (50 g/mL). Bound lectins were detected using 1-Step Ultra TMB-ELISA Substrate solution per manufacturer's instructions with a colorimetric spectrophotometer (BioRad Benchmark Plus) at 450 nm. Values are specific lectin binding after subtraction of background binding of biotinylated BSA at the appropriate concentrations.
Lectin precipitations
For enrichment of lectin receptors, 1 × 10 6 healthy or dystrophic myoblasts were plated per 10 cm dish coated with 0.1% porcine gelatin, and collected once confluent (day 0) and following 5 days of differentiation (day 5). At appropriate time points, cells were washed with ice-cold PBS and scraped in ice-cold radioimmunoprecipitation assay buffer (25 mM Tris • HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing protease inhibitor cocktail. Lysates were rotated at 4°C for 1 h and clarified by centrifugation at 13,300 rpm for 20 min at 4°C. Protein concentration was determined by Pierce™ BCA Protein Assay (ThermoFisher Scientific). Lysates (150 μg) were added to 25 μg biotinylated lectin and 20 μL streptavidin-agarose overnight at 4°C. Following lectin precipitation, beads were washed three times with cold lysis buffer plus protease inhibitor cocktail and denatured in NuPAGE sample buffer and reducing agent (ThermoFisher Scientific). Proteins were then separated on 3-8% BisTris polyacrylamide gels for staining with SYPRO ® Ruby protein gel stain as described previously in (McMorran et al. 2016 ).
Laminin overlay
Laminin overlays were performed on separated lectin receptors as described previously (Cabrera et al. 2012) . Briefly, lectin receptors precipitated per above were separated on 3-8% BisTris gels, transferred to nitrocellulose and blocked in 5% non-fat dry milk in laminin-binding buffer. Blots were then sequentially incubated in EHS laminin, rabbit anti-laminin (1:1000), and donkey anti-rabbit HRP (1:3000). Bound antibody was detected by enhance chemiluminesence on a LI-COR Odyssey Fc.
Tissue staining
Deidenitified, anonymized, 5 mm, paraffin-embedded or frozen human muscle tissue sections were provided by the Translational Pathology Core Laboratory at UCLA (David Geffen School of Medicine, UCLA). Paraffin-embedded tissue sections were deparaffinized with xylene, ethanol and rehydrated with 1× PBS. Sections were stained as described previously (McMorran et al. 2016) . Briefly, non-specific binding to tissue sections was blocked with 1% BSA/1× PBS and Avidin/Biotin blocking kit according to manufacturer's instructions. Serial sections were incubated overnight at 4°C in biotinylated lectins: ConA (5 μg/mL), NPA (10 μg/mL), PHA-L (10 μg/mL), PNA (10 μg/mL), Jac (10 μg/mL), RCA-120 (10 μg/mL), ACA (5 μg/mL), SNA (10 μg/mL), TJA-I (10 μg/mL), MAA-II (5 μg/ mL), WGA (10 μg/mL), WFA (25 μg/mL) and DBA (25 μg/mL). Bound antibodies and lectins were detected via fluorescein-avidin, mounted with VECTASHIELD™ to prevent photobleaching and visualized on an Olympus BX51 fluorescence microscope and Olympus DP2-BSW software (Olympus America Inc., Center Valley, PA).
Supplementary data
Supplementary data are available at Glycobiology online. 
